Introduction
Weight gain and obesity result from low energy expenditure for the level of energy intake. The negative influence of obesity in a host of medical conditions underscores the need to understand what underlies individual differences in obesity susceptibility. Even in an obesogenic environment, however, about a third of our adult population remains lean [1] . The energy expended in the activities of daily living, also known as non-exercise activity thermogenesis (NEAT), confers protection against fat gain during overfeeding in humans [2] . Daily physical activity and NEAT are biologically regulated, heritable traits [3] [4] [5] , but relatively little is known regarding the mechanisms underlying the tendency to be physically active, or how these may change under energetically challenging conditions [reviewed in 4, 6, 7] . While descriptive accounts have noted that severe energy restriction (~50% for 24 weeks) results in lethargy and suppressed physical activity in people [8] , varied methodologies have resulted in different answers regarding how food restriction affects physical activity in animals and humans [9] [10] [11] [12] .
Physical activity fosters success in weight loss and maintenance of metabolic health, while low activity predicts negative metabolic outcomes [13] [14] [15] [16] [17] [18] [19] . Like obesity, "spontaneous" or daily physical activity has a strong hereditary component [3] [4] [5] [20] [21] [22] [23] [24] . We have found a strong association between levels of daily physical activity and intrinsic aerobic capacity [25] [26] [27] . In both humans and rats, individuals with high exercise capacity are consistently more physically active and resistant to metabolic and cardiovascular disease [25] [26] [27] [28] [29] [30] [31] . Based on the hypothesis that aerobic capacity shapes the vulnerability to complex disease (the aerobic hypothesis), a rat model system was developed through divergent artificial selection for intrinsic aerobic capacity, resulting in highand low-capacity runners (HCR and LCR) derived from a genetically heterogeneous founder population [32] . For selection based on phenotype, aerobic capacity was assessed in the founder population and subsequent generations by determining maximal treadmill running endurance: the male and female from each litter with the best (i.e., longest) running time were selected for breeding using an algorithm to minimize inbreeding; the same was done for rats with the shortest running time. Aerobic capacity was measured in offspring at 3 months of age, and the phenotype has been continually refined at each generation. The result is rats with intrinsically high and low aerobic capacity, independent of training, with associated differences in cardiovascular and metabolic disease factors [33] . Importantly, in the selection process, low NEAT segregated with low aerobic capacity, and high NEAT with high aerobic capacity [25] [26] [27] . The active rats are also resistant to obesity and metabolic disease [32, 33] . This allows us to investigate the mechanisms underlying high NEAT, specifically to test the hypothesis that obesity or the tendency to become obese is related to an increased "thriftiness" of metabolism [34] .
People differ not only in obesity propensity but also in their ability to lose weight on a diet [35, 36] ; the same is true for laboratory animals [37] . Apart from the known importance of diet adherence [36] , these differences may be attributable to disparities in energy expenditure, reflecting differences in metabolic "thriftiness" during food restriction [10, 35] . Activities of daily living may contribute to differences in energy expenditure and weight loss during calorie restriction (CR) [10, 35, 36] . If the trade-off for elevated intrinsic aerobic capacity is a compromise in fuel efficiency or "thriftiness," then those with high aerobic capacity and physical activity would lack the metabolic thriftiness necessary to conserve energy and body fat during food scarcity. For example, obese rats lacking leptin receptors are resistant to starvation [38, 39] . To test this hypothesis in relation to physical activity and aerobic capacity, we assessed the ability of alterations in behavior-elevated physical activity-to promote negative energy balance and, therefore, weight loss, as well as the impact of decreased food availability on physical activity levels.
Methods

Ethical approval
Animal protocols were approved by the Kent State University Institutional Animal Care and Use Committee.
Diet
Food (5P00 MRH 3000, T.R. Last Co., Inc.) was available ad libitum except during calorie restriction. Prolab RMH 3000 Chow Pellets are comprised of 26% protein, 14% porcine and plant oil fat, and 60% carbohydrate, with a physiological fuel value of 3.46 kcal/g. Consideration of the risk for inadequacy of nutrients is important, especially when macronutrients are varied for specific weight loss diets [40] . The micronutrients of this chow are approximately 3 times the required micronutrient levels for maintenance/growth of rats [41] so it can be considered a nutrient-dense source of macronutrients. Thus the 50% gram reduction of food that was utilized in our studies restricts the number of available calories but still meets the minimum micronutrient requirements in adult rats for preventing malnutrition especially for the three-week duration of our calorie restriction paradigm. In addition, rats were carefully monitored for behavioral signs of nutritional deficiencies with none noted other than an increase in anxiety in many of the HCR and an expected weight loss in both strains. HCR and LCR have been previously subjected to long-term (3 months to 12 months) calorie restrictions at 30% of a similar standard rat chow (Lab Diet no. 5001) with no discernable effects of malnutrition being reported [42] .
Animals
HCR and LCR rats from the University of Michigan were used for these studies. Rats were housed on a 12:12 light:dark cycle, with lights on at 0700 Eastern Standard Time, and with ad libitum water availability at all times. Rats that underwent calorie restriction were from generation 26 and generation 27 and ranged from 10 to 14 months of age; female HCR and LCR overlapped in body weights [25] . Body weight was measured using an Ohaus triple-beam balance with a resolution of 0.5 g, and body composition was measured using an EchoMRI-700 (Echo Medical Systems, Houston, TX) during the mid-light phase. For daily estrus state determination, female rats were first bundled in a cloth, held upside down in one hand, while the other hand gently pipetted 100 μl of saline into the vaginal opening. The rinse solution was then removed with a plastic pipette and placed into a microtube. Approximately 10 μl of this wash was placed on a glass slide and observed with a light microscope. Estrus stage was determined by approximate ratio of cell types as described by Marcondes et al. (2003) [43] . Estrus determination began during the last 3 days of activity monitoring and continued for 8 days after monitoring ceased in order to avoid stressrelated alteration of daily activity measures, and cycles were interpolated onto activity records; only rats with clear, robust cycles were considered when relating stages of the estrous cycle with activity levels. Cycles were not measured during or after CR.
Four studies were conducted. First, baseline physical activity and food intake was measured in generation 26 female HCR (n = 13) and LCR (n = 13) over 14 days. Because of the limited number of activity monitors (16) , data for these rats were obtained from 2 cohorts, with an equal representation of HCR and LCR in each cohort. Estrous cycles were monitored at the end of activity measurement in these rats to determine if a rhythm in spontaneous physical activity could be detected, and to determine the magnitude of this rhythm if present. In the second study, baseline physical activity was measured in generation 27 male HCR (n = 10) and LCR (n = 6) for 7 days. In the third study, the effects of 50% CR on body weight, body composition, and physical activity were evaluated in generation 26 female HCR (n = 8) and LCR (n = 8). In a separate group of females, the effects of longer-term (5 weeks) CR were measured in a small group of generation 26 HCR (n = 4) and LCR (n = 4) females, with body composition measured weekly. In the fourth and final study, physical activity and body weight were measured daily during and after 21 days of CR in male HCR (n = 10) and LCR (n = 6) immediately after baseline activity measurements.
Activity measurement
Home-cage spontaneous (non-exercise) physical activity was quantified within Plexiglas chambers (41 × 41 × 25 cm) with an elevated floor grid. Activity was measured using monitors that calculate beam breaks of infrared photocells spaced 2.54 cm apart in the X and Y axes placed 4.5 cm (for horizontal activity) and 13.5 cm (for vertical activity) above the platform (Opto-Varimex 4 Auto-Track system, Columbus Instruments). Long-term continual monitoring of movement occurred except for daily periods of animal maintenance and body weight measurements (1-2 h). Activity measurements included ambulation: distance traveled (cm/min), horizontal beam-break counts, ambulatory beam-break counts (excluded consecutive breaks of the same beam), and time spent ambulating. Second, non-ambulatory activity measures included stationary or stereotypic activity counts (consecutive breaks of the same beam during repetitive movement such as grooming), time spent in stereotypic movement, and time spent stationary or resting (no beam breaks). Lastly, we calculated vertical beam-breaks and time spent in vertical movement. In a subset of generation 26 rats (6 HCR and 7 LCR), activity was assessed at two different ages (1 year 6 months, and again at 1 year 11 months); distance traveled on the 4th through 9th day in the activity monitor was averaged and compared between groups to measure age-related changes in physical activity in female rats.
Calorie restriction
For calorie restriction in the females, food intake values over six days of ad lib feeding of rat chow were averaged for each animal during the baseline measurements of food intake and activity levels. Rats were monitored for daily activity distance for 23 additional days during food reduction of 50%, followed by ad lib feeding for 20 days with daily activity being monitored. Activity level determinations were continued during refeeding at ad lib levels for 21 days after completion of Fig. 1 . Food intake and physical activity in female high-and low-capacity rats (HCR and LCR). (A) By the fifth day in the activity monitors, female HCR ate significantly more than female LCR, despite similar body weights. Physical activity including distance traveled (B), time spent ambulating (C), and time spent in stereotypic movement (D) showed similar pattern where all rats showed elevated activity levels upon entering the activity monitors, but normalized within 2-4 days. HCR were consistently more active than LCR in all dimensions of activity investigated throughout activity measurement. (E) Time spent sedentary showed the opposite pattern as physical activity (HCR b LCR), with both groups increasing rest time after the first day in the activity monitor. (F) As illustrated by a representative HCR and LCR, many of the female rats showed detectable estrous cycles, with a low-amplitude but distinguishable 4-to-5-day rhythm in activity in many of these rats. Arrows mark the day prior to the night of estrus. *p b 0.05, HCR ≠ LCR on each day unless limitation indicated by line. CR. Body composition was measured in the mid-light phase on two days prior to the onset of CR, the final day of CR, and after 13-14 days of recovery from CR.
Calorie restriction for males lasted 21 days; 50% CR was calculated as 50% of the average of 6 days ad libitum food intake. Activity was measured throughout the baseline measurement, 21 days of 50% CR, and 14 days of recovery with ad libitum feeding. In all rats, food intake (food provided minus food remaining, including remnants that had fallen through the platform), water intake, and activity were measured daily.
Statistical analyses
A mixed-design (split-plot) analysis of variance (ANOVA) was used to analyze physical activity, with line of rat (HCR vs. LCR) as the between-subjects independent variable, and time of measurement as Fig. 2 . Food intake, body weight, and physical activity in male high-and low-capacity rats (HCR and LCR). (A) HCR ate more than LCR throughout the time in the activity monitors. HCR were also consistently more active than LCR males, covering more distance per day (B), and spending more time in ambulatory (C) and stereotypic (D) movements, and less time resting (E). Activity was elevated in the first days in the activity monitor relative to subsequent days similarly in both groups of rats, normalizing after 2-3 days. (F) LCR males weighed significantly more than did HCR males. Note that axis scales (A-E) are the same as in Fig the within-subjects independent variable. This was used to analyze physical activity (baseline and during CR), body weight, change in body weight or composition (as a proportion of baseline body weight), and body composition (fat mass in grams, lean mass in grams, percent body fat of total mass, percent lean mass of total mass, percent of baseline fat mass, and percent of baseline lean mass). This analysis was also used to compare activity and body weight of HCR and LCR over different ages. Values at any given time point (e.g., baseline body weights) of HCR and LCR were compared using an unpaired 1-tailed t-test; the 1-tailed test was chosen due to existing data demonstrating elevated activity levels and low body weight in HCR [25] [26] [27] . For female vertical activity during CR, daily values were averaged to yield values for before CR, during CR, and after CR. Differences of p b 0.05 were considered significant.
Results
Genetically lean female rats showed elevated levels of daily physical activity
This group of female HCR and LCR did not differ in initial body weight (HCR, 266 ± 7 g; LCR, 284 ± 11 g). Female HCR ate more than female LCR (Fig. 1A) , with a group by time interaction where a Fig. 3 . 50% calorie restriction suppressed physical activity and produced greater weight loss in the more physically active female rats selected for high aerobic capacity (HCR) compared to low-capacity (LCR) females (calorie restriction, CR; 23-day duration represented by line adjacent to X-axis). (A) HCR females lost more weight than did female LCR as a proportion of their baseline body weight; baseline weights did not significantly differ between groups. CR induced a characteristic change in physical activity levels in both groups of female rats; activity levels were elevated on the first 1-2 days of CR, then suppressed over the course of CR. (B) Distance traveled was suppressed by CR, but the effect was more noticeable in female HCR due to their higher baseline activity levels; HCR remained more active than LCR throughout most of CR and recovery. (C) the opposite pattern was seen in time spent resting, where HCR females reached levels equivalent to LCR during the latter half of CR. Whereas stereotypic movement (D) was also suppressed to LCR-like levels after less than 2 weeks of CR, ambulatory activity (E) remained elevated in the female HCR relative to female LCR on most days of CR. (F) CR also affected vertical activity differently in HCR and LCR females; HCR females showed more vertical activity than did LCR females, but whereas vertical activity did not significantly change over CR in HCR, vertical counts significantly increased during CR in LCR. In all other dimensions of physical activity (B-E), activity gradually returned to pre-CR levels after resumption of ad-lib feeding. In a separate group of female rats, body composition was measured weekly for 5 weeks of CR (*significant interaction, G-I). (G) As before, female HCR lost a greater proportion of their baseline body weight during CR. This was due to the HCR females losing more fat mass (H), especially in the first 3 weeks of CR, as well as more lean mass (I), mostly in the 4th and 5th weeks of CR. *HCR ≠ LCR (on days indicated by horizontal line, A-F); **different from before and after CR. significant difference arose between phenotypes only by the 5th day of activity measurement. For water intake, one outlier LCR was removed (N 3 SD above the mean due to rat physically disturbing nozzle); water showed a significant interaction resembling food intake, where HCR drank significantly more than LCR but only by the 5th day of in the activity monitor.
As shown in Fig. 1B -E, physical activity variables (distance traveled; time spent in stereotypic movement, ambulatory movement, or resting; and horizontal, vertical, and ambulatory counts) were all significantly different between HCR and LCR, with HCR being more active; activity decreased after the first days of activity monitoring, with no significant interactions. Four-or five-day estrous cycles were detected in 10 HCR and 8 LCR (out of a total of 26 females). As seen in Fig. 1F , higher activity levels were seen on the 24-period prior to the day on which estrus was detected in HCR and LCR. There was no evidence of estrous cycle synchrony in this group of rats. Lastly, distance traveled showed a slight but significant decrease with age, and body weight increased with age; there were no significant interactions between age and line, however (HCR distance traveled went from 12.55 ± 1.23 to 11.35 ± 1.38 cm/min, and LCR went from 8.88 ± 0.76 to 7.98 ± 1.07 cm/min; HCR body weight went from 274.75 ± 10.90 g to 294.17 ± 23.50 g, and LCR went from 287.07 ± 4.83 g to 325.14 ± 7.45 g over the 6-month time period).
Genetically lean male rats showed elevated levels of daily physical activity
Male LCR weighed significantly more than male HCR ( Fig. 2F ). As illustrated in Fig. 2A , the ANOVA revealed that HCR ate significantly more than LCR over the 7-day measurement period, with no interaction and no significant change over time (p = 0.065). Though water intake reflected food intake over time, the ANOVA revealed no significant effects of group or day on water intake, and no interaction; mean 7-day water intake also did not differ between HCR and LCR (HCR, 23 ± 1 ml/day; LCR, 20 ± 1 ml/day; p = 0.064).
In general, HCR were more active than LCR, and all rats were more active in the first day they were housed in the activity monitor. All measures of physical activity except for time spent in stereotypic movement (including distance traveled; time spent resting or time spent ambulating; and horizontal, vertical, and ambulatory beam-break counts) showed significant interactions, as well as main effects of group (HCR N LCR) and day, with activity decreasing (and rest time increasing) after the first day in the activity monitor; these data are shown in Fig. 2B -E. For those variables showing a significant interaction, HCR showed a greater adaptation (i.e., change from day 1 to day 2) compared to LCR in time spent resting, distance traveled, and horizontal beambreak counts. For example, from day 1 to day 2, HCR decreased their distance traveled by 32%, whereas LCR decreased by 21%. Other activity variables showed trends (0.01 b p b 0.05) toward the same effect. Time spent in stereotypic movement showed significant main effects of day and group (HCR N LCR), with no interaction (Fig. 2D ). Though not compared statistically (because they were measured separately), males appeared less active than females; on day 7 of activity monitoring, males covered 36% (HCR) and 37% (LCR) less distance than did females, and males rested 3% (HCR) and 4% (LCR) longer.
Lean female rats lost more weight and were more active during calorie restriction
Female HCR and LCR were subjected to 23 days of 50% CR with concurrent measurement of physical activity. HCR lost a significantly greater percentage of their baseline body weight (Fig. 3A) . A similarly significant interaction was found whether or not body weight data from the ad lib feeding recovery days were included in the analysis, compared to the average 7-day baseline body weight prior to CR. At baseline, the LCR carried more fat and a higher percent body fat, whereas HCR had more lean mass and a higher percent lean mass. All rats lost both fat mass and lean mass during CR (Table 1) ; the proportion of weight lost through fat or lean mass did not differ between groups, though HCR females lost a greater proportion of their fat mass (76%, vs. 53% in LCR; p b 0.05), and HCR lost more lean mass (in grams), but not as a proportion of baseline lean mass (Table 1 ). Within group, there was no correlation between starting body weight and proportion of weight lost in either HCR (r = −0.044) or LCR (r = 0.061); starting body weights ranged 208-248 g in HCR, and 208-262 g in LCR. No correlation was seen between the proportion of body weight lost as lean mass as a function of baseline fat mass (r = −0.082; HCR, r = −0.871; LCR, r = 0.723) (see Ref. [44] ).
Female HCR showed a significantly faster regain of lost weight, both as a percent of baseline BW (Fig. 3A ) and in absolute mass (g); most of this was due to the weight regain on the first day of ad lib refeeding, when the HCR showed a significantly greater weight gain. The HCR reached LCR body weight by 1-3 days of refeeding, and reached similar percent of baseline body weights by 4 days. Long-term regain of body weight and composition did not significantly differ between groups, though there was a trend for the HCR to reach at least 99% of their baseline body weight faster than LCR (HCR: 9.25 ± 1.57 days; LCR: 11.13 ± 1.52 days). By 19 days after the end of CR, both groups were, on average, within 2 g of their baseline (pre-CR) fat mass and lean mass. Compared to LCR, HCR females ate more food before, during, and after CR; specifically, female HCR ate more food in the first 8 days of recovery from CR, as well as on recovery days 14 and 17.
In order to assess the role of physical activity in the enhanced CRinduced weight loss seen in HCR, we measured physical activity daily throughout CR. Consistent with previous findings [25] [26] [27] , HCR were more active than LCR (Fig. 3B-F ). In this group of rats, HCR and LCR did not overlap in their mean baseline distance traveled (range for HCR: 11.1-23.2 cm/min; LCR: 7.1-9.8 cm/min). Both female HCR and LCR showed a similar overall pattern of activity during CR where distance traveled showed a sharp increase during the first two days of CR (Fig. 3B) , followed by a drop to or below baseline levels and a gradual suppression of physical activity throughout CR. The ANOVA comparing distance traveled in HCR and LCR over CR revealed a significant interaction where CR induced a greater suppression in distance traveled in HCR than in LCR. After the resumption of ad lib feeding, both groups of rats showed a transient 1-day elevation in physical activity to levels equivalent to each other, followed by a gradual return from CR levels to baseline activity levels over 12 days (Fig. 3B-F) . Time spent resting was impacted differently in HCR and LCR; LCR rested more than HCR, but HCR gradually increased to LCR levels as CR proceeded (Fig. 3C ).
There was a steady recovery to baseline activity levels in the week after CR ended. CR uncovered some differences between dimensions of physical activity. Time spent in stereotypic activity in HCR decreased to the level of LCR by the end of the 2nd week in CR (Fig. 3D ). HCR stereotypic activity also did not show the characteristic elevation during the first 2 days of CR. This is in contrast to time spent ambulating, which was consistently longer in HCR than in LCR throughout CR, even with the gradual decrease in HCR ambulation during CR (Fig. 3E ). Horizontal and ambulatory activity showed a similar pattern to distance traveled, where the HCR were more active than LCR at baseline; both groups showed a peak in activity at the onset of CR, followed by a steep decline then a gradual decline in activity during CR that was much more marked in HCR compared to LCR. HCR remained more active than LCR during CR, and both groups showed a peak in activity upon refeeding, followed by a gradual return to baseline levels in the 2nd week of refeeding that was more marked in HCR than in LCR. Vertical activity counts, on the other hand, followed a completely different pattern: HCR showed more vertical activity than did LCR before, during, and after CR, but showed no change over CR (Fig. 3F ). In LCR, on the other hand, CR induced an increase in vertical activity, followed by a decrease after CR.
As a replication and to more closely examine the time course of weight change, a small group of HCR and LCR females (N = 4/line) were subjected to 50% CR for 5 weeks and body composition was measured weekly. Again, HCR showed a greater percent decrease in body weight (interaction, p = 0.006; Fig. 3G ). Weight loss was due to a significant loss of both fat and lean mass, with HCR losing a significantly greater percentage of both fat and lean mass compared to LCR (interactions: p b 0.01; Fig. 3H -I). Total regain of fat and lean mass did not differ between HCR and LCR as each group reached their baseline levels one and two weeks (for fat mass and lean mass, respectively) after resumption of ad lib feeding.
Lean male rats lost more weight and were more active during calorie restriction
Calorie restriction induced significant weight loss in male rats over 21 days (Fig. 4A, Table 1 ). Compared to male LCR, male HCR showed significantly greater CR-induced weight loss as a proportion of their starting body weight (Fig. 4A) ; weight loss in grams also showed a significant interaction, with the much larger LCR losing more mass (Table 1 ). Within group, there was no significant correlation between starting body weight and proportion of weight lost in either HCR (r = −0.327) or LCR (r = −0.243), and ANCOVA detected a group difference (HCR N LCR) between proportion weight lost with starting body weight used as the covariate; starting body weights ranged 365-477 g in HCR, and 456-769 g in LCR. Starting fat mass was significantly negatively correlated with the proportion of weight lost as lean mass overall (r = −0.871; HCR, r = −0.535; LCR, r = −0.412). Baseline food intake, and therefore 50% CR food intake, was higher in HCR than in LCR. Food intake during recovery from CR showed a significant interaction and main effect of time, but no main effect of group; HCR and LCR males did not differ in their food intake in the first 8 days of recovery, but on days 9-14, LCR ate significantly more than did HCR males. Water intake reflected food intake, decreasing during CR, but with no difference between HCR and LCR.
Over the course of 21 days of 50% CR, male rats lost fat mass along with lean mass, but the change in body composition differed between groups. HCR lost 25.07 g (± 2.34 g) of fat, and the LCR lost 57.65 g (±6.00 g) fat, which was significantly more; thus there were significant main effects of CR and group, with a significant interaction in that LCR lost more grams of fat. The same effects were seen in percent body fat between groups. Lean mass was also lost during CR in all rats; there were significant main effects of CR and group, with a significant interaction where HCR lost more grams of lean mass (43.20 g ± 2.76 g) compared to LCR (25.04 g ± 2.77 g). HCR lost a greater percentage of their baseline body fat (47% ± 5%) and their baseline lean mass (15% ± 1%) compared to LCR (which lost 34% ± 2% of their fat mass, and 8% ± 1% of their lean mass). As shown in Fig. 4I , whereas LCR males lost most of their body weight in fat, and less in lean mass, HCR lost most of their body weight as lean mass rather than fat mass, indicating that HCR were less able to conserve lean mass during CR. (The remaining grams of body weight lost beyond fat and lean mass was composed of bones, skin, fur, and free water; this did not differ between groups).
As shown in Fig. 4B -H, most physical activity variables (distance traveled, stereotypic time, ambulatory time, horizontal counts, ambulatory counts) showed similar patterns over CR. The ability of CR to suppress activity was seen almost exclusively in the HCR (significant interaction, and main effects of line and time, compared to the baseline of mean activity for 5 days before the onset of CR). HCR were significantly more active than LCR (main effect of line) in every dimension of activity except for ambulatory activity counts (trend of p = 0.076); time spent resting showed the opposite effect (LCR N HCR). As seen in the females, physical activity increased in the first 1-3 days of CR in both HCR and LCR (Fig. 4) ; this was followed by a steep decrease in activity (over days 4-6 of CR) in HCR, then a gradual decline in activity in all rats over the remaining time in CR. Over time in CR, HCR decreased their activity to reach levels similar to (i.e., not statistically significantly different from) LCR, but the timing of this differed across dimension of physical activity: by days 8-11 in stereotypic time, horizontal counts, and ambulatory counts; by day 13 for rest time; by day 16 for distance traveled; and HCR N LCR through all but the last day for ambulatory time (see Figure B -H). CR significantly suppressed several dimensions of activity in HCR, but not LCR (distance traveled; vertical, horizontal, and ambulatory counts, as well as the opposing change in time spent resting). In LCR, CR significantly suppressed only time spent ambulating (on days 14 and 15) and time in stereotypic movement (on day 14).
Resumption of ad lib feeding resulted in regain of lost weight, and this regain was significantly faster in HCR males than in LCR males (significant interaction between groups in weight regain). HCR regained significantly more mass (g) than LCR in 3 out of the first 4 days of ad lib feeding. By the 14th day of ad lib feeding, HCR had reached 99 ± 0.01% of their pre-CR body weight, whereas LCR regained 95 ± 0.00% of their baseline weight by this time. This was mainly attributable to fat regain; after 14 days of ad-lib feeding, HCR males had regained 103% (± 2%) of their fat mass, but LCR males had regained only 83% (±2%) of their fat mass (p b 0.001); both groups had regained over 99% of their lean mass by this time. Physical activity remained suppressed for several days after resumption of ad lib feeding, and showed a significant interaction between HCR and LCR over the course of refeeding in some dimensions (rest time and stereotypic time; horizontal counts), but not others (distance traveled, ambulatory time, ambulatory counts, vertical counts), where HCR showed gradually increasing activity levels, and LCR did not. Whereas most dimensions of activity during recovery remained significantly suppressed relative to baseline levels in both HCR and LCR males (except ambulatory counts, which were significantly below baseline levels only in HCR; Fig. 4E ), the magnitude of difference from baseline was much greater in HCR than in LCR, despite the greater increase in activity levels in HCR over the 2 weeks of recovery from CR.
Discussion
High levels of daily "spontaneous" physical activity are consistently coupled with leanness and healthy metabolic outcomes [25] [26] [27] [28] [29] [30] [31] 45] .
Here, we demonstrate that highly active rats show enhanced weight loss during food restriction, supporting the assertion that physical activity opposes metabolic thriftiness during food restriction. Obesity-prone LCR lost less weight than HCR and, in females, conserved adiposity. Moreover, the highly physically active HCR maintained higher activity Fig. 4 . 50% calorie restriction suppressed physical activity and produced greater weight loss in more physically active male rats selected for high aerobic capacity (HCR) compared to lowcapacity (LCR) males (CR; 21-day duration represented by line adjacent to X-axis). (A) HCR males lost significantly more weight than did male LCR as a proportion of their baseline body weight. CR induced a characteristic change in physical activity levels in both groups of male rats where activity levels were elevated on the first 1-3 days of CR, then suppressed over the course of CR only in HCR, with a gradual rebound after resumption of ad-lib food intake. CR differentially suppressed distinct dimensions of physicals activity. In male HCR, stereotypic movement (D), as well as horizontal (G) and ambulatory (H) activity counts (beam-break counts/min), were suppressed to the levels of male LCR during the last half of CR. Distance traveled (B) remained higher in HCR males through most of CR, until the final week; time spent sedentary (C) showed the inverse pattern. (E) Male HCR spent significantly more time in ambulatory activity on nearly every day of CR. (F) HCR males showed significantly more vertical activity counts than did LCR throughout the measurement period, though the impact of CR on vertical activity was noticeably different than CR effects on all other dimensions of activity (B-E, G-H), which gradually recovered toward baseline levels in the two weeks after resumption of ad-lib feeding though the recovery was less robust in LCR. This paralleled the post-CR weight regain (A), which was faster and more pronounced in HCR than in LCR males. (I) Whereas most of the weight LCR males lost was due to loss of fat mass, HCR males lost more weight through loss of lean mass. *p b 0.05, HCR ≠ LCR on days indicated by horizontal line. levels than LCR throughout most or all of the duration of calorie restriction. This is concordant with the heightened levels of baseline physical activity energy expenditure (i.e., NEAT) seen in HCR [25] . Taken together, this implicates elevated EE, especially NEAT from elevated daily physical activity, in the ability to lose weight during food restriction.
It is accepted that obese people and obese laboratory animals are less active than lean ones (reviewed in Refs. [4, 6, 7] ). Arguments have been made that this dichotomy is intrinsic to the phenotype or, alternatively, that it is secondary to the development of obesity. We observe reliably elevated long-term physical activity in HCR relative to LCR, regardless of sex and the accompanying differences in body weight ( Figs. 1-2) [25] [26] [27] , demonstrating that elevated physical activity is associated with the lean phenotype rather than with body size or body fat of the animal. Furthermore, it is clear that the LCR are physically capable of being more active [46] , as evidenced by the elevated activity levels upon resumption of ad lib feeding seen in females LCR (Fig. 3B ). Though activity levels rise upon introduction to a new environment in all rats, and vary day-to-day, the lean HCR are consistently more active than obesity-prone LCR on nearly any given day ( Figs. 1-2) . This, combined with a remarkably low within-group variance, demonstrates that the phenotypic difference in physical activity is consistent, robust, and not secondary to a hypothetical burden or disability experienced by the obesity-prone LCR. Conditions of activity measurement, housing or environment, and duration of monitoring all influence experimental outcomes [47, 48] . Even in the HCR and LCR, which show robust and easily detectable differences in daily activity under a variety of conditions (e.g., cage sizes, temperatures) [25] [26] [27] , short-term (e.g., 2-to-3-h) activity does not differ [26, 49] , underscoring the importance of 24-h measurement durations after sufficient acclimation when assessing daily physical activity levels [47] .
Here, we establish that this elevated physical activity seen in HCR is consistent across sex, age, and body size over long-term measurement ( Figs. 1 & 2) . More significantly, we demonstrate for the first time that the high-activity rats lose significantly more weight than their lowactivity counterparts when subjected to equivalent food restriction (Figs. 3 & 4) . On average in males, LCR are considerably larger than HCR (here, + 178 g at baseline; Table 1 ), thus male LCR lose more weight in absolute terms compared to male HCR (90 g in LCR vs. 74 g in HCR; Table 1 ). This translates to a significantly greater weight loss as a proportion of baseline weight in male HCR (18%, compared to 15% in male LCR; Fig. 4) ; this difference persisted even after baseline body weight was accounted for, and baseline body weight was not a significant predictor of proportional weight loss within any group. Levels of baseline adiposity in males may partly account for differences in weight loss, especially the contribution of lean mass to overall weight loss ( Fig. 4I) [44] ; for example, male LCR were particularly adept at retaining their lean mass. In contrast to male rats, the use of female rats presents an experimental advantage in minimizing group differences in body weight and adiposity, allowing for a more direct and straightforward group comparison. Female HCR and LCR began at similar mean body weights (Table 1) ; nonetheless, female HCR lost more weight than female LCR both as a percentage of their body weight (19% in HCR, 16% in LCR; Fig. 2 ) and in absolute mass (45 g in HCR; 37.5 g in LCR; Table 1 ). The greater weight loss in HCR was not secondary to baseline adiposity, and female HCR and LCR did not differ in the proportion of the weight lost as fat vs. lean mass. Interestingly, female HCR showed similar proportional weight loss as their male counterparts, as did female and male LCR, despite the females' much smaller overall baseline body weights in both groups, arguing against the notion that HCRs' greater proportional weight loss was solely a consequence of their lower baseline mass or adiposity. Similarly, enhanced conservation of body mass has been documented in a genetic model of obesity in rats, which also shows improved survival and resistance to starvation [38, 39] . Altogether, these data emphasize the contrasting phenotypic response to energy restriction independent of baseline body weight, and point to intrinsic aerobic capacity and daily physical activity as key predictors of weight loss.
Food restriction has predictable effects on physical activity in multiple vertebrate classes and species [48, [50] [51] [52] , and the rats examined here followed the predicted pattern ( Figs. 3 & 4) . Reduced food availability stimulated increased physical activity levels in the first 1-3 days of exposure, sometimes attributed to a foraging response [50, 51, 53] , followed by a slow decline in activity levels and a long-term suppression below baseline activity levels. Along with losing more weight, HCR showed consistently high levels of physical activity not only before but even during the 3 weeks of CR ( Figs. 3 & 4) , supporting the hypothesis that reduced physical activity levels during food shortage may serve to conserve energy and therefore body mass. Measurement of energy expenditure during CR, specifically the energy expenditure of physical activity, is needed to test this part of the hypothesis, however. Apart from a transient, moderate increase in activity in female rats upon refeeding (Fig. 3B, E) , activity levels increased gradually, mirroring the reestablishment of baseline body weights, with groups of rats that re-gained weight more rapidly (females compared to males; male HCR compared to male LCR) also restoring their activity levels to baseline levels earlier (Figs. 3, 4) . Just as physical activity diminished over the course of weight loss, the recovery of daily activity levels lagged behind weight regain. These findings have implications for those attempting to maintain activity levels after diet-induced weight loss. Indeed, the marked suppression of activity levels would counteract efforts to maintain weight loss, even in individuals not prone to weight gain [35, 36, [54] [55] [56] [57] .
Food restriction unmasked differences between the dimensions of physical activity. Whereas most activity measures decreased during CR, vertical activity did not significantly decrease in any group, and actually was elevated in males during CR relative to recovery (Fig. 4F) as well as in female LCR during CR relative to either before or after CR (Fig. 3F) . It is likely that vertical activity (e.g., rearing) may be a distinct aspect of physical activity, potentially under different regulatory control [47] , and linked to high environmental reactivity [58] . Similarly, prolonged CR also impacted stereotypic activity (e.g., grooming and other repetitive movements; Figs. 3D, 4D) more than ambulatory movements (e.g., walking about the chamber; Figs. 3E, 4E); it is possible that this change in stereotypic activity results from decreases in meal frequency and related postprandial grooming. In both males and females, stereotypic activity in HCR was decreased to the level of LCR during CR, whereas HCR time spent in ambulatory movement remained elevated over LCR for much of CR. Interestingly, the sustained increase in time spent ambulating in HCR was not reflected in ambulatory activity counts in males ( Fig. 4H ; ambulatory counts in females, HCR N LCR in all by 5 days during CR), implicating a difference in ambulatory speed.
Regardless of sex, HCR were more active than LCR. Females showed more inter-individual and day-to-day variance, however, likely attributable to their estrous cycle (Fig. 1F ). These cyclical variations in activity are consistent with the general pattern of wheel running described over the estrous cycle [48] , with higher activity levels preceding estrus, but with a much lower amplitude. Given the relatively minor increase in physical activity near estrus, it is unlikely that estrous cycles would interfere with the detection of differences in activity between HCR and LCR, or account for the differences we document on any single day. Female rats also showed a slight age-related decline in physical activity. The design of this study did not allow for direct statistical comparison of activity levels between male and female rats, but descriptive observations are consistent with reports that females are more active than males (reviewed in Ref. [59] ). Considering the substantial difference in body sizes between males and females, any differences observed between males and females were relatively minor compared to the overall associations between phenotype, physical activity, and weight loss seen in both sexes.
These data also speak to modern interpretations of the thrifty genotype hypothesis [34, 38, 39, [60] [61] [62] . The lower proportional weight loss in the obesity-prone LCR (Figs. 3A, 4A) is consistent with the idea that the tendency to become obese is accompanied by a relative energetic thriftiness and a resistance to the deleterious effects of famine. The hypothesis that obesity-prone genotypes confer a fitness advantage in foodrestricted environments is also supported by results showing that monogenically obese rats not only defend body mass during energy restriction but also resist starvation [39] . While baseline body weight and weight loss in HCR/LCR rats fit this hypothesis, the finding that HCR regain weight during refeeding does not. Alternatives to the thrifty genotype hypothesis propose that obesity arises after a release from predation pressures removes selection against weight gain. Similarly, the "dual intervention point" hypothesis [62] [63] [64] suggests upper and lower limits for the regulation of body mass set by the opposing pressures of predation and starvation, respectively. Altogether, behavioral and physiological findings from high-and low-capacity runners support the hypothesis that selection based on different environmental pressures (for example, predation pressure or thermogenic capacity vs. starvation) experienced in different contexts can yield populations that differ in obesity propensity [61] . Moreover, the trait selected upon (here, aerobic capacity) does not need to be body weight or adiposity to result in differences in body weight, body composition, and thriftiness. In light of these hypotheses, our data suggest that there may be a trade-off between thriftiness (i.e., resistance to starvation) and aerobic capacity that depends on the selective pressures at play for a particular population, such as predation or the reliability of food availability. HCR would be predicted to be more resistant to predation due to their running endurance and hypervigilant behavioral profile [65] , regardless of their body size or adiposity, yet lack thrifty defense of body weight during calorie restriction, as demonstrated here. On the other hand, LCR would be more resistant to food shortage, yet more vulnerable to predation. Consistent with this, populations on islands more distantly separated from predators show a "tame" behavioral profile similar to LCR [66] . It is possible that two traits which show large inter-individual variance in a normal population-intrinsic aerobic capacity and energetic thriftiness-are not mechanistically compatible because metabolic thriftiness depends on low aerobic capacity. The proposal that selection advantages are conferred by adaptations in thermoregulatory control [61] is especially germane in the light of data demonstrating overlap in the molecular mechanisms underlying thermoregulation, aerobic capacity, and energetic cost of activity [67-69].
Conclusions
Here we show for the first time that low intrinsic fitness is tightly coupled to metabolic thriftiness and thus to defense of body weight, and that low or suppressed physical activity may aid in energy conservation. Taken together with previous reports [25] [26] [27] 49] , these data strongly support the hypothesis that there is an intrinsically lean phenotype associated with high intrinsic aerobic capacity, high daily activity levels, and accelerated weight loss during food restriction. This elevated physical activity is seen regardless of sex or body size. Related to human health, similar links have been observed between aerobic capacity, physical activity, leanness, and health in people [2, 27, 31, 45, 70] . The calories used in this elevated physical activity, including during calorie restriction, could serve to enhance energy expenditure and contribute to the relative lack of energetic thriftiness.
